The domestic dog exhibits greater diversity in body size than any other terrestrial vertebrate. We used a strategy that exploits the breed structure of dogs to investigate the genetic basis of size. First, through a genome-wide scan, we identified a major quantitative trait locus (QTL) on chromosome 15 influencing size variation within a single breed. Second, we examined genetic variation in the 15-megabase interval surrounding the QTL in small and giant breeds and found marked evidence for a selective sweep spanning a single gene (IGF1), encoding insulin-like growth factor 1. A single IGF1 single-nucleotide polymorphism haplotype is common to all small breeds and nearly absent from giant breeds, suggesting that the same causal sequence variant is a major contributor to body size in all small dogs.
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The domestic dog exhibits greater diversity in body size than any other terrestrial vertebrate. We used a strategy that exploits the breed structure of dogs to investigate the genetic basis of size. First, through a genome-wide scan, we identified a major quantitative trait locus (QTL) on chromosome 15 influencing size variation within a single breed. Second, we examined genetic variation in the 15-megabase interval surrounding the QTL in small and giant breeds and found marked evidence for a selective sweep spanning a single gene (IGF1), encoding insulin-like growth factor 1. A single IGF1 single-nucleotide polymorphism haplotype is common to all small breeds and nearly absent from giant breeds, suggesting that the same causal sequence variant is a major contributor to body size in all small dogs.
S ize variation in the domestic dog is extreme and surpasses that of all other living and extinct species in the dog family, Canidae (1, 2) . However, the genetic origin of this diversity is obscure. Explanations include increased recombination or mutation rates (3, 4) , a unique role of short repeat loci near genes (3), expansion of specific short interspersed nuclear elements (5), regulatory gene variation (6, 7) , or a readily altered developmental program (1, 6) . The domestic dog descended from the gray wolf at least 15,000 years ago (8) (9) (10) , but the vast majority of dog breeds originated over the past few hundred years (11) . Understanding the genetic basis for the rapid generation of extreme size variability in the dog would provide critical tests of alternative genetic mechanisms and insight into how evolutionary diversification in size could occur rapidly during adaptive radiations (12) .
To investigate the genetic basis for size variation in dogs and understand how change in size might occur rapidly in dogs and other canids, we first initiated sequence-based marker discovery across a 15-megabase (Mb) interval on chromosome 15 in the Portuguese water dog (PWD), a breed that is allowed large variation in skeletal size by the American Kennel Club (13) . Previously, based on 92 radiographic skeletal measurements for size and shape, we found that two QTL (FH2017 at 37.9 Mb and FH2295 at 43.5 Mb) within this region were strongly associated with body size in 463 PWDs from a well-characterized extended pedigree (13, 14) . We discovered 302 single-nucleotide polymorphisms (SNPs) and 34 insertion/deletion polymorphisms by sequencing 338 polymerase chain reaction (PCR) amplicons in four large and four small PWDs and in nine dogs from small and giant breeds (<9 and >30 kg average breed mass, respectively). We then measured the association between 116 SNPs and skeletal size in a sample of 463 PWDs and identified a single peak within 300 kb of the insulin-like growth factor 1 gene (IGF1) (Fig. 1A) , confirming the FH2295 QTL. IGF1 is an excellent candidate gene known to influence body size in both mice and humans (15) (16) (17) .
Haplotype analysis of 20 SNPs spanning IGF1 further supported a role for the locus in determining body size. We observed that 889 of the 926 (96%) PWD chromosomes carry one of just two haplotypes, termed B and I. , ANOVA). In PWDs, 15% of the variance in skeletal size is explained by the IGF1 haplotype. Linkage disequilibrium around IGF1 in PWDs is too extensive to allow fine mapping, presumably because of the breed's recent origin and small population size (18, 19) . However, if a mutation at IGF1 in general underlies genetic differences in size among dog breeds, comparison of breeds of different sizes that have distinct genealogical histories may allow fine mapping of the mutation. Moreover, because size has been the target of strong selection by dog breeders, we would expect to find a signature of selection surrounding the QTL in breeds of extreme small or giant size.
To test these predictions, we surveyed genetic variation for the same 116 SNPs in 526 dogs from 23 small (<9 kg) and 20 giant (>30 kg) breeds. To obtain an empirical distribution of our association mapping test statistics, we also surveyed variation in 83 SNPs with no known association to body size on canine chromosomes 1, 2, 3, 34, and 37. These data were analyzed first to determine if intense artificial selection on body size has resulted in a "selective sweep" (20) , reducing variability and increasing allele frequency divergence near IGF1. We found a marked reduction in marker heterozygosity and increased genetic differentiation between small and giant dogs centered on IGF1 (Fig. 2) . Specifically, near IGF1, average heterozygosity in small dogs is only 25% of that in large dogs, genetic differentiation (F ST , where ST represents subpopulation) peaks significantly at 0.6, and overall heterozygosity is sharply reduced (Fig.  2B ) (figs. S2 to S5). Together, these results suggest that a narrow and precisely defined genomic region holds the variant (or variants) responsible for small size in a disparate set of small dog breeds.
We next tested for association between each SNP and average breed size (Fig. 3A) . The null hypothesis of no association between body size and marker frequency across breeds is rejected (Bonferroni-correct P value < 0.05) for 25 contiguous SNPs defining an 84-kb interval spanning the same region that shows evidence Analysis of specific breed haplotypes shows that a 20-SNP haplotype spanning IGF1 is shared by all 14 sampled small dog breeds (Fig. 3 , B and C) and is identical to haplotype B in small PWDs. This haplotype was observed in only three of the nine giant breeds because most giant dogs carry one or both of two distinct haplotypes: F and I. SNP 5, located at base pair position 44,228,468 ( Fig. 3B) , is the best candidate for being proximate to the causative mutation for the following reasons: (i) It distinguishes haplotypes A, B, and C, associated with small body size, from haplotypes D to L, which are common in large breeds; (ii) an ancestral recombination graph suggests an absence of recombination between SNPs 4 and 5 (fig. S8); and (iii) marker analysis in the golden jackal and gray wolf indicates that the SNP 5 A allele of small breeds is the derived condition ( fig. S9 ) (table S1). To further assess the association between body size and the SNP 5 A allele, we genotyped six tagging SNPs that distinguish all major IGF1 haplotypes in a set of 3241 dogs from 143 breeds (Fig. 4) (table S2 ). The frequency of the SNP 5 A allele is strongly negatively correlated with breed average mass across this large sample of breeds ( 
recombinants that could aid fine mapping at IGF1. Our results show that a single IGF1 haplotype is common to a large sample of small dogs and strongly imply that the same causal variant (or variants) is a major influence on the phenotype of diminished body size.
The IGF1 gene is a strong genetic determinant of body size across mammals; mice genetically deficient in IGF1 are just 60% normal birth weight (15) , and a human with a homozygous partial deletion of the gene was born 3.9 SD below normal length (16, 17) . IGF1 binds the type 1 IGF receptor, a tyrosine kinase signal transducer. This interaction promotes cell growth and organismal longevity (21) and induces cellular differentiation (22) . Serum levels of IGF1 protein (23) have been found to correlate with body size in toy, miniature, and standard poodles (24) . These studies did not compare IGF1 genetic variation with differences in serum IGF1 protein concentrations; we observed that PWDs carrying the B haplotype of the IGF1 gene have significantly lower serum levels of IGF1 (Fig. 1C) .
Finally, to identify possible causative variants, we sequenced the exons of IGF1 in a panel of nine small and giant dogs and found only one variation in coding sequence, a synonymous SNP in exon 3 [chromosome 15 base pair position 44,226,324, Canis familiaris genome assembly 1 (CanFam1)]. Extensive resequencing within introns and flanking genomic sequence was also undertaken (table S3) . Several additional SNPs (table S4) and an antisense oriented retrotransposon (table S5) unique to small breeds were identified. Alleles of a dinucleotide CA n microsatellite in the IGF1 promoter were also significantly associated with body size in the PWDs (P < 1.4 × 10
, ANOVA) and the small and giant breeds (P < 2.2 × 10 −14
, chisquare test; table S6). All of these variations were in strong linkage disequilibrium and therefore a causative variant could not be definitively identified by this approach. Given the difficulty of developing inbred dog lines segregating small size, future studies will focus on using knock-in mice to explore the effect of these variants on phenotypes.
Our findings suggest that a single IGF1 haplotype substantially contributes to size variation in the domestic dog. Because our sample includes small breeds that are distantly related (25) and reproductively isolated, and because the extent of haplotype sharing at IGF1 is relatively small, the sequence variant or variants probably predate the common origin of the breeds and likely evolved early in the history of dogs. The early appearance of this allele may have facilitated the rapid genesis of size diversity in the domestic dog. The first archaeological record of dogs, beginning about 12,000 to 15,000 years ago (9, 26) , shows that size diversity was present early in the history of domestication. For example, dog remains from eastern Russia dated to 14,000 to 15,000 years ago are similar in size and conformation to great Danes, whereas slightly younger dog remains from the Middle East and Europe (10,000 to 12,000 years ago) are similar in size to small terriers (9, 26, 27) . The early and widespread appearance of small size suggests that an ancesral small dog IGF1 haplotype was readily spread over a large geographic area by trade and human migration and was maintained in local gene pools by selection. Such early selection on dogs may have been manifest as intentional artificial selection exercised by early humans or as an adaptive trait for coexistence with humans in the more crowded confines of developing villages and cities (28) . 
REPORTS
The ubiquitous occurrence of the IGF1 B haplotype in a diverse panel of small breeds clearly does not support unorthodox explanations of phenotypic diversity in the dog such as elevated mutation or recombination rates. Rather, we show that a single IGF1 allele is a major determinant of small size in dogs and that intense artificial selection has left a signature in the proximity of IGF1 that can readily be found by genomic scans of breeds sharing a common phenotype. The ability to identify a gene contributing to morphology without doing a genetic cross, but instead by using centuries of dog breeding, highlights the contribution that the study of canine genetics can make to an understanding of mammalian morphogenesis. These results provide a precedent for future studies aimed at identifying the genetic basis for complex traits such as behavior and skeletal morphology in dogs and other species with small populations that have experienced strong artificial or natural selection.
Supporting Online Material

Materials and Methods Figures S1 -S9 Tables S1 -S6 References
Materials and methods
Sample and Data Collection
Whole blood was collected from purebred dogs with written consent from dog owners. Wild canid genomic DNA samples were also typed (1). This process was reviewed and approved by the animal care and use committees at the National Human Genome Research Institute, University of Utah, and the University of Missouri. Genomic DNA was extracted from blood by a standard phenol-chloroform protocol. Portuguese water dog samples were whole genome amplified (repli-G kit, Qiagen) prior to SNPlex genotyping but un-amplified DNA was used for sequence based marker discovery.
SNPs and insertion/deletion polymorphisms (Table. S4) were discovered by sequencing PCR amplicons (Table. S3 
Mixed model for Portuguese water dog fine-mapping
A mixed model was applied for fine mapping within the Portuguese water dog population since the shared ancestry within the breed could lead to spurious associations.
To reduce the affect of this cryptic relatedness between dogs, we applied the mixed model analysis of Yu et al (2) using:
where Y is the vector of the skeletal size trait; α is a vector of fixed effect, the SNP effect we are testing; u is a vector of random effect reflecting the polygenetic background; and X and Z are known incidence matrices relating the observations to fixed and random effects, respectively. The essential idea is that relatedness is incorporated into the model. The variance in the model can be expressed as:
where K is the consanguinity matrix estimated from the known pedigree, which reflects the genetic background correlations between individuals.
Mann-Whitney U test for association
When testing for association across structured populations such as dog breeds, there is a large inflation of nominal p-values in Fisher's exact test that is caused by the relatedness between samples within populations (see Fig. S6 ). Because dogs from different breeds are only very distantly related, a reasonable strategy is to only remove cryptic relatedness within breeds by collapsing the information obtained from dogs within the same breed into an allele frequency distribution. For each breed, we first calculated the relative frequency of the minor allele at a marker and then conducted a Mann-Whitney U test comparing the frequency in small dog breeds with the frequency in giant dog breeds. The test rejects the null hypothesis of no association if there is a large difference in the median allele frequency across small breeds as compared to the median frequency in large breeds.
Estimation of the ancestral recombination graph
An ancestral recombination graph was reconstructed for a 1. 
